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Abstract:  Loss  of  cerebrovascular  reserve  with  the  resultant  increase  of 
cerebral  perfusion,  and  disruption  of  capillary  fluid  balance  generally 
leads  to  the  development  of  cerebral  edema,  a  serious  secondary 
complication  of  traumatic  brain  injury.  Two  indices  of  cerebrovascular 
reserve  derived  from  recordings  of  intracranial  pressure  (ICP)  and 
arterial  blood  pressure  (ABP)  have  been  proposed  [1-3].  The  purpose  of 
this  study  was  to  examine  the  relationship  between  changes  of  arteriolar 
resistance,  cerebral  perfusion,  system  bandwidth,  and  the  indices  of 
cerebrovascular  reserve  during  dilatory  challenge  induced  by  ventilation 
with  C02.  Steady  state  values  of  arteriolar  diameter  significantly 
increased  during  hypercapnia  resulting  in  a  decrease  of  arteriolar 
resistance  by  more  than  90%.  Cerebral  perfusion  pressure  (CPP)  was 
found  to  range  from  -18%  to  12%.  Significant  correlation  between 
percent  change  of  relative  flow  and  either  indices  of  cerebrovascular 
reserve,  arteriolar  resistance,  or  system  bandwidth  were  not  determined. 
System  bandwidth  between  ABP  and  ICP  and  the  Correlation  Index  of 
cerebrovascular  reserve  (CorrX),  were  found  to  be  exponentially 
correlated  with  values  ranging  from  0.85  to  .99  with  a  group  (n=5)  mean 
(+S.D.)  of  0.94  (+0.06).  Such  a  relationship  suggests  that  near  minimal 
tone,  further  losses  of  tone  lead  to  changes  of  stiffness  that  produce 
large  changes  in  system  bandwidth. 
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I.  INTRODUCTION 

Approximately  2  million  head  injuries  occur  each  year  in  the 
United  States,  producing  a  brain  injury  rate  of  175  to  200  per 
100,000  population  and  causing  as  many  as  56,000  deaths  per 
year  [4].  The  economic  and  emotional  toll  of  this  public  health 
burden  is  very  high  [4].  A  serious  secondary  complication 
following  traumatic  brain  injury  is  cerebral  edema.  Disruption  of 
capillary  fluid  balance  between  plasma  and  cerebrospinal  fluid  as 
the  result  of  loss  of  cerebrovascular  reserve  and  increased 
cerebral  perfusion  is  a  primary  mechanism  that  leads  to  the 
development  of  cerebral  edema. 

Techniques  to  continuously  monitor  cerebrovascular  reserve  in 
the  intensive  care  of  the  patient  with  severe  head-injury  have 
been  proposed.  Specifically,  two  numerical  indices,  the 
correlation  index  (CorrX)  and  the  pressure  reactivity  index  (PrX), 
derived  from  correlation  of  the  dynamic  features  of  the 
intracranial  pressure  (ICP)  and  arterial  blood  pressure  (ABP) 
recordings  have  been  defined  [1-3],  The  CorrX  index  is  based  on 
laboratory  observations  that  during  normal  cerebral  vascular  tone 
the  ICP  and  ABP  recordings  are  not  similar  [1,2],  In  contrast. 


during  deep  hypercapnia  and  maximal  vascular  dilation  and  loss 
of  cerebral  vascular  reserve,  when  the  brain  has  lost  the  ability  to 
regulate  blood  flow,  these  pressure  signals  are  similar  [1,2],  The 
PrX  index  is  numerically  derived  from  the  correlation  of  the  low 
frequency  characteristics  of  the  ICP  and  ABP  recordings  and 
designed  to  continuously  monitor  slow  spontaneous  waves  in  ICP 
and  ABP  [3],  This  index  is  based  on  epidemiologic  clinical 
observations  that  indicated  that  a  sustained  high  value  during  the 
first  2  days  following  injury  was  indicative  of  an  unfavorable 
outcome  [3], 

The  purpose  of  this  study  was  to  examine  the  relationship 
between  changes  of  arteriolar  resistance,  cerebral  perfusion, 
system  bandwidth  and  the  proposed  indices  of  cerebral  vascular 
reserve. 

II.  METHODS 

Using  an  approved  protocol  from  the  institutional  review 
boards  involved  and  similar  to  those  procedures  previously 
described  [2],  18  a-chloralose  anesthetized  5  piglets  ranging  in 
weight  from  2  to  4  kg  were  used  in  this  study.  In  each  piglet  a 
cranial  window  was  placed  and  video  micrometer  recordings 
were  made  as  described  previously  [2],  A  fluid-filled  catheter 
inserted  in  either  the  brachial  artery  or  femoral  artery  was  used  to 
record  ABP,  and  ICP  was  recorded  using  fluid  filled  catheter 
linked  coupled  to  a  port  of  the  cranial  window. 

Severe  hypercapnia  was  used  to  maximally  dilate  the  arterial 
vasculature.  Specifically,  the  preparation  was  ventilated  with 
8.5%  C02.  Each  time  this  manipulation  occurred,  ICP  increased 
and  ABP  decreased  over  a  time  course  of  approximately  5  to  8 
minutes  to  a  new  steady-state  condition.  This  state  was 
characterized  by  an  arterial  carbon  dioxide  tension  (PaC02) 
above  70  mm  Hg. 

Laser  Doppler  flowmetry  was  used  to  evaluate  changes  of 
cerebral  perfusion  [5],  This  instrumentation  is  based  on  the 
direct  detection  of  the  velocity  and  number  of  red  blood  cells 
flowing  through  micro  vessels  passing  through  a  1mm3  volume  at 
the  top  of  the  probe  [5].  It  has  the  advantage  that  it  provides  a 
relatively  noninvasive  continuous  assessment  of  flow.  However, 
a  disadvantage  of  this  technique  is  that  only  relative  values  of 
flow  can  be  obtained;  therefore,  once  the  probe  is  set  it  cannot  be 
moved.  In  these  experiments  the  probe  was  firmly  set  on  the 
cranial  window  just  above  the  brain  surface.  Perfusion,  ICP  and 
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ABP  recordings  were  digitized  at  a  rate  of  250  Hz  with  a  system 
previously  described  [1,2], 

A  calculation  of  percent  change  of  resistance  were  based  on  the 
following  analysis.  By  using  Poisuielle’s  law  of  flow  with  an 
approximation  that  is  the  viscosity  of  the  fluid  is  constant  [6], 
percent  change  of  resistance  can  be  expressed  as: 
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where  d  is  diameter  of  arteriole. 

Using  MATLAB  software  (Mathworks,  Inc.,  Natick,  MA),  an 
algorithm  was  developed  to  obtain  the  bandwidth  of  the  second 
order  transfer  function  between  an  ABP  input  and  an  ICP  output 
that  demonstrated  the  minimum  least  square  error.  In  addition  the 
algorithm  computed  corresponding  values  of  the  CorrX,  mean 
ABP,  mean  ICP,  and  mean  cerebral  perfusion  pressure. 


IE.  RESULTS 


Dilatory  challenge  produced  by  ventilation  with  C02  generally 
produces  a  characteristic  sequence  of  events  (see  Fig.  1). 
Initially  mean  ABP  increases  and  then  decreases.  However,  a 
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marked  increase  of  the  arterial  pulsatile  blood  pressure  occurs. 
Approximately  2  min.  following  the  onset  of  the  challenge, 
arteriolar  diameter,  ICP  and  cerebral  perfusion  steadily  increase. 
Furthermore  like  the  corresponding  ABP  recording  the  pulsatility 
of  ICP  over  each  cardiac  cycle  also  increases.  Because  of 
absorption  of  cerebrospinal  fluid,  upon  reaching  a  maximum 
plateau  value  the  ICP  decreases  back  to  a  lower  steady  state  mean 
value.  In  contrast  both  pial  arteriolar  diameter  and  cerebral 
perfusion  steadily  increase  to  maximum  steady  state  value  and 
remain  relatively  constant  thereafter.  The  increase  of  arteriolar 
diameter  decreased  arteriolar  resistance  from  90%  to  130%.  As  a 
result  of  the  physiologic  challenge,  steady  state  mean  values  of 
the  partial  pressure  of  C02  in  arterial  pressure  (pC02)  during 
hypercapnia  were  two  to  three  times  greater  than  normocapnic 
values.  Steady-state  percent  change  of  cerebral  perfusion 
pressure  varied  over  a  range  of  -18%  to  12%.  In  addition, 
percent  increase  of  steady  state  change  in  flow  varied  with  from 
38%  to  149%  respectively. 

In  general  the  linear  correlation  values  for  the  group  between 
most  experimental  variables  were  <  0.70.  However,  correlation 
values  between  %  change  of  bandwidth  and  %  change  of  CPP 
and  %change  of  flow  and  %  change  of  arteriolar  diameter  were 
0.74  and  .71  respectively.  Also,  an  experimental  relationship 
between  bandwidth  and  CorrX  for  each  experiment  was 
determined  with  correlation  values  of  ranging  from  0.85  to  .99 
(see  Fig.  2).  For  the  group  the  mean  correlation  was  both  strong 
and  significant  0.94  (p<  0.01).  The  exponent  ranged  from  1.67 
to  5.37  with  a  mean  value  (+S.D.)  of  4.10  (+1.52) 


BANDWIDTH  VS  CORRELATION  INDEX 


Figure  1.  Changes  of  ABP,  ICP,  and  Cerebral  Perfusion  during  a 
Dilatory  Challenge.  Onset  of  dilatory  challenge  with  C02  ventilation 
began  just  prior  to  time  zero.  After  approximately  1  minute  ABP 
recording  began  to  increase  and  then  slightly  decrease  with  higher 
systolic/diastolic  pulse  pressure.  Approximately  2  min  after  onset  of 
challenge  both  ICP  and  cerebral  perfusion  began  to  increase.  At  about  3 
min  into  the  challenge  ICP  reached  a  peak  plateau  value  and  decreased  2 
min  later  while  cerebral  perfusion  continued  to  increase  until  reaching  a 
steady  state  value  at  about  5.5  minutes. 


Figure  2.  Example  of  Exponential  Relationship  between  System 
Bandwidth  and  Correlation  Index  (CorrX).  During  normocapnia  CorrX 
values  ranged  from  0.35  to  0.55  with  corresponding  bandwidth  values 
below  2  radianss/sec.  During  the  dilatory  challenge  values  of  bandwidth 
increased  exponentially  with  increasing  CorrX  values. 

IV.  DISCUSSION 

In  this  preparation,  dilatory  physiologic  challenge  by  induction 
of  hypercapnia  due  to  ventilation  with  C02  generally  produces  a 
standard  sequence  of  responses.  Both  mean  ABP  and  pulsatile 
ABP  will  increase  within  1.5  min  of  the  onset  of  the  challenge. 
ICP,  arteriolar  diameter,  and  cerebral  perfusion  generally  begin 
to  increase  steadily  between  2  to  3  minutes  after  initial  challenge. 


However,  unlike  arteriolar  diameter  and  cerebral  perfusion  which 
reach  a  steady  state  plateau  after  about  5  min,  ,  ICP  reaches  a 
peak  plateau  and  begins  to  decrease  between  4  and  5  min.  after 
challenge. 

As  expected  the  proposed  indices  of  cerebrovascular  reserved 
also  increased  during  physiologic  challenge.  Previously  it  as 
been  shown  that  changes  in  the  CorrX  index  correspond  to 
changes  arteriolar  diameter  [2]  and  when  both  indices  approach 
unity  the  cerebral  vasculature  is  maximally  dilated  [7],  With 
hindsight,  the  failure  of  this  study  to  demonstrate  a  significant 
correlation  between  cerebral  perfusion  and  any  of  the 
experimental  variables  may  relate  to  placement  of  the  laser  probe 
on  the  cranial  window  rather  than  on  brain  tissue.  Specifically, 
with  such  placement  the  1  mm3  control  volume  for  the 
instrumentation  was  filled  with  a  variable  tissue  volume.  As  a 
result,  for  the  same  absolute  perfusion,  the  estimate  of  relative 
flow  was  dependent  on  the  amount  of  tissue  volume  under 
interrogation.  Moreover,  the  tissue  volume  also  varied  during  the 
experiment  because  of  brain  movement  during  respiration  and 
brain  swelling  during  the  dilatory  challenge.  Placement  of  the 
probe  on  the  brain  surface  would  have  eliminated  a  likely  major 
source  of  error  in  the  estimate  of  relative  flow.  Another 
confounding  variable  related  to  flow  may  have  been  the 
variability  of  change  in  CPP  during  challenge  across 
experimental  preparations.  While  not  determined  to  be 
statistically  significant  the  linear  correlation  value  between  % 
change  of  flow  and  %  change  of  CPP  of  0.74  indicates  that 
variations  of  CPP  linked  to  corresponding  variation  in  cerebral 
perfusion. 

Our  finding  of  the  exponential  relationship  between  the 
bandwidth  and  the  CorrX  index  of  cerebrovascular  reserve  relates 
to  previous  studies  reported  by  Portnoy  and  his  colleagues.  They 
demonstrated  from  laboratory  studies  on  hypercapnic 
preparations  that  during  normal  tone  the  ABP  and  ICP  recordings 
do  not  look  similar  [8,9].  In  contrast,  during  deep  hypercapnia 
and  maximal  vascular  dilation,  when  the  brain  has  lost  the  ability 
to  autoregulate  flow,  these  pressure  recordings  look  very  similar 
[8,9].  The  numerical  approach  this  earlier  group  used  to  exploit 
their  laboratory  findings  was  to  examine  changes  in  the 
coherence  function  derived  from  the  ICP  and  ABP  recordings. 
Specifically,  over  a  limited  frequency  range,  they  employed 
spectral  analysis  techniques  to  determine  the  ratio  of  the  energy 
in  the  cross-correlated  ICP  and  ABP  recordings  to  the  product  of 
the  energy  in  each  recording.  When  these  pressure  recordings  are 
similar  the  coherence  function  approaches  unity.  Since  the 
CorrX  index  derived  with  time  domain  analysis  techniques  is 
analytically  equivalent  to  coherence  analysis  in  the  frequency 
domain,  it  is  not  surprising  that  a  relationship  between  bandwidth 
of  the  identified  model  and  the  CorrX  index  exists.  However,  the 
exponential  relationship  may  relate  to  the  presence  of  a 
physiological  mechanism.  It  is  reasonable  to  assume  that  at 
adequate  levels  of  CPP  as  the  vasculature  dilates  the  system 
becomes  stiffer  thus  allowing  higher  frequencies  of  the  driving 
ABP  input  pressure  to  pass.  Apparently,  near  minimal  tone, 
progressive  loss  of  tone  leads  to  changes  of  stiffness  that  produce 
large  changes  in  system  bandwidth. 


V.  CONCLUSION 

The  results  of  this  study  failed  to  demonstrate  significant 
relationships  between  changes  in  cerebral  perfusion  as  measured 
by  laser  flowmetry  and  proposed  indices  of  cerebrovascular 
reserve.  However,  a  methodological  error  caused  by  placement 
of  the  laser  flow  probe  above  rather  than  on  brain  tissue  likely 
introduced  significant  error  in  the  estimates  of  relative  flow  prior 
to  and  during  physiological  dilatory  challenge.  A  highly 
significant  exponential  correlation  between  system  bandwidth 
and  CorrX,  a  proposed  index  of  cerebrovascular  reserve  was 
determined.  Such  a  relationship  suggests  that  near  minimal  tone 
progressive  loss  of  tone  leads  to  changes  of  stiffness  that  produce 
large  changes  in  system  bandwidth. 
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